We propose a 2D variable sized block matching algorithm with hierarchical exhaustive search to examine tissue deformations in dynamic musculoskeletal ultrasonograhy. Novel aspects include improved matching by updating reference and candidate blocks at each scale and the application area. Performance is quantified on controlled in vitro gold standard (groundtruth) sequences and clinical in vivo data. We extend the process by refining displacements to sub-pixel accuracy. The proposed technique is validated, by application, to yield quantitatively reliable results.
INTRODUCTION
Measurements of internal deformation in biological soft tissues presents important challenges, with current techniques being far from ideal, particularly for in vivo ultrasound. The ideal deformation measurement system would be entirely non-invasive and would give at least 2D deformation information at any point in structures such as muscles, tendons and intervertebral discs in real time. This specification rules out all implanted transducer and surface strain techniques [1, 2, 3, 4] , beads or wires or relying on ionising radiation.
Our aim is to yield reliable and physically meaningful local descriptions of the displacement field in ultrasonographic sequences, for strain calculations. We present a novel application of Block Matching (BM) to musculoskeletal ultrasound sequence analysis, specifically tendons. To quantify the varying scales of motion that exist in typical ultrasound sequences, an iterative hierarchical variable size block matching (VSBM) framework was developed which incorporates varying search region, reference and candidate blocks. Using a hierarchical exhaustive search strategy we guarantee optimal convergence for all iterations. Final displacements are refined to sub-pixel accuracy using bi-linear interpolation. Improved displacements are observed in both de-correlated and large motion disparity regions.
We initially review current practices and existing methods, before describing our acquisition of in vitro groundtruth and in vivo ultrasound sequences. We then detail the proposed BM approach, matching criteria, block size, search strategy and extension to sub-pixel refinement, followed by our results and validation for in vitro and in vivo sequences. Finally, the applicability of the method and future direction will be discussed.
CURRENT PRACTICES & METHODOLOGIES
Measurements of surface strain such as mercury in silastic or solid state [1] strain gauges require the insertion of a device with barbed prongs into the tissue. They are highly invasive for in vivo studies and subject to serious artifacts if there is a gradient in strain along the length of the prong. They are also limited to measuring deformation in one direction and at a single location. Video based measurements of surface strain [2] using movement of some form of marker can give 2D information. This requires a grid of markers to be placed on the tissue and viewed using one or more cameras, proving unsuitable for in vivo measurements. A method of measuring internal deformations is to use metal markers [3] and a series of radiographs or fluoroscopy. This method is invasive and requires implantation of metal beads or wires and exposure to ionising radiation. Only at specific marker locations are deformation measurements produced. A similar technique is sonomicrometry [4] , where ultrasound crystals are implanted and the distances between them measures the time of flight of acoustic pulses. This system still requires the invasive implantation of transducers and only gives information about the movement of these transducers. It is also possible to measure deformations by using existing natural landmarks, such as the musculo-tendonous junction [5] , using ultrasonography. However, such measurements are limited by the availability of reliably identifiable structures.
The above current practices illustrate that a non-invasive approach is highly desirable. Ultrasound speckle textures permit the detection and measurement of both axial and lateral motion, resulting in angle independent velocity vectors measured in the ultrasound image plane [6] . Previous related research includes fixed size block matching (FSBM) [6, 7] , however, the optimum block size is affected by motion vector accuracy [8] as well as scene characteristics (texture and interframe noise).
Pratikakis et al. [9] used a multi-resolution BM scheme for three-dimensional (3D) ultrasound image registration. Multi-resolution frameworks improve the quality of initial displacement estimates, although it has been observed that for sequences, displacements can degrade significantly where random or complex motion exists [10] . Diagnostic ultrasound relies on this temporal data for complete image understanding. We have found that much existing research examines either specifically chosen frames or specific local regions. For example, Yeung et al. [11] used a deformable mesh for feature adaptive motion tracking in 2D ultrasound sequences specifically for muscle contractions. The authors allocate nodes connecting the mesh elements adaptively to stable speckle patterns that are less susceptible to temporal de-correlation, deriving successful non-rigid displacements. As time increases (especially in vivo) these speckle patterns become increasingly less stable, reducing robustness.
Although ultrasound images are consistently labelled as 'noisy', rarely are there attempts to analyse the images at sub-pixel level. When sub-pixel analysis is used in conjunction with hierarchical VSBM, we demonstrate that a substantial displacement improvement can be achieved due to block spatial dependence.
DATA ACQUISITION
To quantify the performance of the proposed Hierarchical VSBM algorithm dynamic groundtruth data was produced by continuously scanning an appropriately prepared 100mm long equine tendon sample whilst under load using a Hounsfield tensile testing rig. Two in vitro datasets were captured, (i) STATIC-LANDMARK1: a healthy specimen clamped at one end with a 1.6mm diameter ball bearing (BB) landmark, pulled at a constant speed of 10mm/sec, and (ii) DYNAMIC-HEALTHY2: a healthy specimen clamped at both ends with no landmark, and pulled at 1mm/sec. A Diasus Dynamic Imaging machine with a 10-15MHz transducer was used for image acquisition.
HIERARCHICAL SEARCH AND VARIABLE BLOCK SIZE STRATEGY
The hierarchical exhaustive search initially determines the optimal matching block in frame f t+1 by minimising the mean squared error (MSE) for all possible candidate blocks in the reference frame f t at each pixel ically, but are set at a relatively large size. The block producing the lowest MSE in f t+1 to the candidate block from f t is then used to initialise the next iteration, where both the block size and search region reduce logarithmically, (Figure 1 ). The process of scaling the search region and block dimensions, and using the block producing the lowest MSE as the initialisation for the next iteration, repeats until a block size limit is reached.
To ensure an accurate matching criteria, for each iteration we simultaneously update the candidate block from f t by halving its dimension and refreshing the MSE. Every possible block in f t+1 is examined, with block overlapping to improve flow continuity and smoothness. Due to motion not occurring in discrete increments we refined displacements to 1 4 pel accuracy using bi-linear interpolation. Figure 2 , due to the irregular backscatter from the spherical surface of the BB. Figure 3 (c) is a B-scan of the tendon specimen under load from our second groundtruth dataset DYNAMIC-HEALTHY2. This dataset also incorporates some shadowing artefacts. Figure 3(d) shows that as well as determining the uniform displacements in the tendon region, the proposed Hierarchical VSBM has also emphasised the different displacements where shadowing artefacts exist (Figure 3(d) ). Results demonstrate that although global motion was extremely small (unmagnified mean = 0 :03 mm/frame), we obtained a subjectively accurate flow field.
IN VIVO RESULTS
Figures 4(a), 4(c) and 4(e) are freehand musculoskeletal B-scans of healthy tendons. These frames are samples from a 30 frame sequence captured over a 1 second period of independent flexion to extension motion. Figures  4(b) , 4(d) and 4(f) were produced using our Hierarchical VSBM approach using block sizes M N , where M ,N = f32 16 8g only, giving a good performance to computation ratio. They show a coherent group of displacement vectors in the top and centre of the image corresponding to the tendon motion, while the noisy regions lower down correspond to the motion of randomly formed backscatter noise, we aim to exploit this characteristic in later research. We obtained accurate flow fields, judged subjectively by a musculoskeletal clinician, for tendon region in our sequences. A 30 frame 256 256 sequence can be processed off-line in < 270 seconds.
Results confirmed different motions occurring from tendons that were encapsulated with sheaths. Figures 4(b) and 4(d) for the patella and achilles tendon are correctly found to be not encapsulated by a sheath as similar motions from the tendon are replicated in the muscle and surrounding tissues. In Figure 4 (e) the digital flexor is encapsulated by a sheath since the displacement field in 4(f) shows marginal motion in the upper region below the skin, followed by a band of uniform displacements in the tendon area, and regions below of varying motions from noise. It is important to note that these results are an instance for a frame-pair only, extracted from analysing ultrasound sequences. Movie versions of these sequences and their dynamic displacement flow fields can be viewed online 1 .
1 http://www.cs.bris.ac.uk/˜revell/flow/flow.html 
VALIDATION
To measure our confidence in the displacement results, we forward warped every frame by each corresponding interframe displacement field. The global normalised correlation coefficient N C C was computed for every frame pair, to compare the quality of both pixel and sub-pixel displacements given as R t :
where W is the warping function and d x d y are the displacement field warp parameters for the frame. Figure 5 charts the values of R across the STATIC-LANDMARK1 and patella tendon sequences. It illustrates that sub-pixel analysis offered a negligible improvement for our in vitro data, but for the in vivo sequences we observed a substantial increase in displacement accuracy. This measure shows that using hierarchical VSBM proved to work extremely well for varying scales of motions across a long number of frames. 
DISCUSSION
The musculoskeletal in vivo data exhibited significantly more challenges than the in vitro data, presenting many complex issues, for example, the aperture problem proving prominent in the vast majority of longitudinally scanned tendon sequences, causing potential spurious displacements. Using forward warping validation, hierarchical VSBM showed promise in the reduction of the effects of the aperture problem, however, due to the tendons striated structure non-optimal displacements could appear optimal. We used the minimum MSE matching criteria to quantify the intensity variation of the final optimum block displacement. This serves well for measuring local displacement error as well as quantifying the optimum block illumination variation through time. Causes of intensity variations include: artefacts, reverberations, and shadowing. Other BM measures will be reported elsewhere.
More general challenges include, ultrasound speckle (Rayleigh-governed speckle noise corrupted by Gaussian distributed electronic noise), speckle de-correlation (constructive and destructive interference of ultrasonic echoes from numerous sub-resolvable elements, e.g. lower regions in Figure 4 usually manually cut out of processing in other works, and motion ambiguities due to insufficient representation of spatial information (occlusion, saturation). We observed that the accuracy produced from using variable block sizes for these issues showed obvious improvements for in vitro and in vivo data and produced extremely dense displacement fields.
From prior research the exhaustive hierarchical search method was favoured over optimised strategies like logarithmic sampling, as although they decrease computation time, they are unable to guarantee optimal convergence.
For future work we intend to explore both statistical approaches to analyse speckle saturation and classifying the flow field results by measuring (non)uniformity, with the aim of improving robustness. This will enable us to quantify ultrasound artefacts with improved precision.
